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ABSTRACT

Objective: Some pathologic features of the FHL1 myopathies and the myofibrillar myopathies
(MFMs) overlap; we therefore searched for mutations in FHL1 in our cohort of 50 patients with
genetically undiagnosed MFM.

Methods: Mutations in FHL1 were identified by direct sequencing. Polymorphisms were excluded
by using allele-specific PCR in 200 control subjects. Structural changes in muscle were analyzed
by histochemistry, immunocytochemistry, and electron microscopy.

Results: We detected 2 novel and 1 previously identified missense mutation in 5 patients. Patients
1–4 presented before age 30, display menadione–nitro blue tetrazolium–positive reducing bod-
ies, and harbor mutations in the FHL1 LIM2 domain. Patient 5 presented at age 75 and has no
reducing bodies, and his mutation is not in a LIM domain. The clinical features include progressive
muscle weakness, hypertrophied muscles, rigid spine, and joint contractures, and 1 patient also
has peripheral neuropathy. High-resolution electron microscopy reveals the reducing bodies com-
posed of 13-nm tubulofilaments initially emanating from Z-disks. At a more advanced stage,
abundant reducing bodies appear in the cytoplasm and nuclei with concomitant myofibrillar disin-
tegration, accumulation of cytoplasmic degradation products, and aggregation of endoplasmic
reticulum and sarcotubular profiles.

Conclusions: FHL1 dystrophies can be associated with MFM pathology. Mutations in the LIM2
domain are associated with reducing bodies composed of distinct tubulofilaments. A mutation
extraneous to LIM domains resulted in a mild late-onset phenotype with MFM pathology but no
reducing bodies. Neurology® 2011;77:1951–1959

GLOSSARY
MFM � myofibrillar myopathy; NBT � nitro blue tetrazolium.

The four-and-a-half LIM domain protein 1 (FHL1), encoded by FHL1, is located on Xq26.3.
It is highly expressed in skeletal and cardiac muscle and less abundantly in brain, placenta,
lung, liver, kidney, pancreas, and testis.1–3 Mutations in FHL1 have been associated with
diverse chronic myopathies.4 These include late-onset X-linked scapulo-axio-peroneal myop-
athy with bent spine syndrome,5 reducing body myopathy,6,7 X-linked dominant scapuloper-
oneal muscular dystrophy,8 rigid spine syndrome,9 and contractures and cardiomyopathy
mimicking Emery-Dreifuss muscular dystrophy.10,11 Most FHL1 mutations appear in the sec-
ond or fourth LIM domains with a single mutation in the third LIM domain.

Myofibrillar myopathies (MFMs) arise from primary degeneration of the muscle fibers and
represent a morphologically distinct but genetically heterogeneous subset of muscular dystrophies.
The unifying histologic findings are early disintegration of the Z-disk followed by myofibrillar
disintegration, aggregation of degraded filaments into pleomorphic granular or hyaline inclusions,
and ectopic expression of multiple Z-disk–related and other proteins in the affected muscle fi-
bers.12–14 Although some pathologic features of the FHL1 muscular dystrophies and the MFMs
overlap, reducing bodies have been detected only in FHL1 dystrophies.7,15 We here report 2 novel
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and a previously published missense mutation in
FHL1 in 4 kinships. One mutation, which is
novel, is located outside the LIM domains, and
2 others are in the second LIM domain. We ex-
amine the structural consequences of the muta-
tions, analyze the ultrastructure of reducing
bodies at high resolution, and expand the structural
and clinical features of the FHL1 dystrophies.

METHODS Patients. Five patients were investigated. Clini-
cally affected limb muscles, grade 3–4 on the Medical Research
Council scale, were biopsied in patients 2–5. Genomic DNA was
isolated from peripheral blood or frozen muscle.

Standard protocol approvals, registrations, and patient
consents. All studies were in accord with the guidelines of the
institutional review board of the Mayo Clinic.

Mutation analysis. PCR primers were designed to analyze all
coding exons and their flanking noncoding regions of FHL1
(GenBank reference number NG_015895.1). PCR-amplified
fragments were sequenced using fluorescently labeled dideoxy
terminators. FHL1 nucleotides were numbered according to the
mRNA sequence (GenBank reference number NM_001449).
Allele-specific PCR was used to screen for the novel mutations in
the patients and unrelated normal control subjects.

Histochemistry and immunostains. Conventional histo-
chemical studies were performed, and congophilic deposits were vi-
sualized as described previously.16 Reducing bodies were identified
by menadione–nitro blue tetrazolium (NBT) staining without
�-glycerophosphate substrate.17,18 Six to 10-�m-thick cryostat sec-
tions were treated with monoclonal antibodies against desmin
(Dako, Carpinteria, CA), �B-crystallin (Stressgen, Ann Arbor, MI),
myotilin (Novocastra, Bannockburn, IL), dystrophin (Novocastra),

neural cell adhesion molecule (Cell Sciences, Canton, MA), ubiqui-

tin (Chemicon, Temecula, CA), CD4 and CD8 (BD Biosciences,

San Jose, CA), and CD22 (Dako). FHL1 (directed against the

C-terminal region of FHL1A isoform; Abcam, Cambridge, MA)

and CD3 (Dako) were immunolocalized with polyclonal antibod-

ies. The immunoreactive sites were then visualized with appropriate

second antibodies using immunoperoxidase and immunofluores-

cence methods, as described previously.14 Adjacent sections in the

series were stained with trichrome. Controls consisted of replace-

ment of antibodies with nonimmune immunoglobulin G of the

same subclass and concentration as the primary antibody.

Electron microscopy. Electron microscopy was performed

on muscle specimens fixed at rest length and processed by stan-

dard methods.16

RESULTS Clinical features. Three patients were
female and 2 were male. The age at onset of symptoms
ranged from 6 to 75 years and the age at diagnosis from
10 to 77 years (table). All patients but patient 4 pre-
sented with progressive muscle weakness; he had hyper-
trophied muscles, limited neck movements, a rigid
spine, and progressive joint contractures (figure 1, A
and B). Patients 1 and 3 had conspicuous asymmetric
muscle atrophy. Patient 5 also had peripheral neuropa-
thy with distal pain, temperature, and vibration sense
loss in the legs. None of the patients had cardiac symp-
toms, but multiple nuclear family members of patient 1
had died prematurely of coronary artery disease and one
of her sisters had a cardiac pacemaker, but none were
aware of muscle weakness. No DNA was available from
deceased family members. The son of the brother of
patient 1 also had the cardiac disease; therefore, cardiac

Table Clinical data and mutation analysis

Patient: sex;
age at onset,
y; age at
biopsy, y

Symptoms at presentation/
current symptoms/other
relevant findings

Affected family
members

Evidence for
peripheral
neuropathy

CK increase
above upper
normala EMG

FHL1 mutation:
nucleotide change/
amino acid change

1, F; 17 Left calf atrophy and then left
foot drop/progressive
weakness, wheelchair bound
at age 36 y/dysphagia

Daughter (patient 2);
mother, 2 sisters, 2
brothers, and son of
1 brother died of
heart problems

No Normal NC c.368A�G
p.His123Arg

2, F; 15; 16 Shoulder girdle weakness/
progressive asymmetric
weakness

Mother No 4-fold Myopathic MUPs,
fasciculations and
fibrillation potentials

c.368A�G
p.His123Arg

3, F; 30; 35 Right biceps atrophy/atrophy
and weakness of right biceps,
gastrocnemius, extensor
pollicis, and both
brachioradialis muscles

None No Normal Myopathic MUPs, with
some mildly large
MUPs, fibrillation
potentials and rare
myotonic discharges

c.448T�C
p.Cys150Arg

4, M; 6; 10 Limited neck motion, multiple
joint contractures, scoliosis,
hypertrophic
muscles/progressive
weakness and contractures

Not known No 2-fold Myopathic MUPs,
fibrillation potentials

c.448T�C
p.Cys150Arg

5, M; 75; 77 Lower limb
weakness/proximal � distal/
atrophy of shoulder girdle
muscles

Not known Decreased pinprick,
temperature, and
vibration of the legs
in stocking
distribution

Normal Myopathic MUPs,
fibrillation potentials,
sensorimotor axonal
neuropathy

c.283C�T
p.Arg95Trp

Abbreviations: CK � creatine kinase; MUP � motor unit potential; NC � not checked.
a CK levels were measured at the time of the muscle biopsy.
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disease in this family is not related to the FHL1 muta-
tion. All patients had a normal EKG and echocardio-
gram. Holter monitoring of patient 4 revealed no
arrhythmia.

EMG studies of patients 2–5 showed myopathic
motor unit potentials with abnormal electrical irrita-
bility including myotonic discharges, and patient 5
also showed axonal sensorimotor neuropathy.

Figure 1 Patient 4 at age 10 (A) and 11 (B) years, and FHL1 gene structure, splice variants, identified
mutations (C), and alignment of amino acid sequences (D)

(A, B) Note quadriceps muscle hypertrophy, ankle and elbow contractures, and worsening of elbow contracture over 1 year.
The right leg is in a cast owing to heel cord lengthening surgery. (C) Exons 1 and 2 are noncoding. The last exon of FHL1A
has a different amino acid (aa) sequence than the last exon of FHL1B and FHL1C. Three nuclear localization signals (NLS)
and a nuclear export sequences (NES) are present only in FHL1B. (D) The mutated residues are conserved across verte-
brate species.

Neurology 77 November 29, 2011 1953



Mutation analysis. The MFM features of our pa-
tients’ muscle specimens prompted us to sequence
the genes encoding desmin, �B-crystallin, myotilin,
Zasp, filamin C, and Bag3, but we detected no mu-
tations. Because previously reported that patients
with FHL1 mutations also had pathologic features of
MFM,7,15 we also sequenced this gene in our cohort
of patients with MFM. This revealed a novel
heterozygous c.368A�G transition that predicts
p.His123Arg substitution in patient 1 and her
daughter (patient 2) (table; figure 1, C and D). None
of the unaffected family members (3 brothers, 2 sis-
ters, and the son of patient 1) carries this mutation.
Direct sequencing of FHL1 in patients 3 and 4
revealed a previously reported heterozygous and
hemizygous c.448T�C transition that predicts
p.Cys150Arg substitution. Direct sequencing of
FHL1 in patient 5 revealed a novel hemizygous
c.283C�T transition that predicts p.Arg95Trp sub-
stitution. The novel mutations were not detected by
allele-specific PCR in 200 unrelated individuals. All
mutated residues are evolutionarily conserved across
vertebrate species (figure 1D).

Structural observations. Light microscopy. In each pa-
tient, the light microscopic findings were typical of
MFM (figure 2). The muscle fibers varied from 9 to
more than 120 �m in diameter. Trichrome-stained
sections revealed pleomorphic granular or hyaline
material and few to many cytoplasmic bodies in the
abnormal fibers (figure 2, A, D, and J). In patients
2–4, some nuclei were surrounded by granular mate-
rial (asterisk on figure 2A). Except in patient 5, some
abnormal fiber regions reacted for menadione-NBT
without substrate, signaling the presence of reducing
bodies (figure 2C). The hyaline masses were devoid
of oxidative enzyme activity (figure 2E). Increases in
acid phosphatase and periodic acid-Schiff–positive
material (figure 2K) appeared near many inclusions.
Numerous fibers harbored intensely congophilic in-
clusions (figure 2L). Some fibers were necrotic, and a
comparable number were regenerating. A fair num-
ber of fibers displayed internal nuclei. Scattered fi-
bers contained multiple vacuoles filled with granular
material (figure 2A). In adenosine triphosphatase-
reacted sections, the atrophic fibers were of either
histochemical type. There was a mild to moderate
increase of endomysial and a moderate increase of
perimysial fibrous and fatty connective tissue. In pa-
tient 2, small collections of mononuclear cells ap-
peared at few perivascular sites in perimysium and at
multiple sites in endomysium where they sur-
rounded, invaded, and partially replaced highly de-
generate muscle fibers (figure 2J).

Immunohistochemistry. In all specimens, more than
75% of the abnormal fibers reacted strongly for FHL1

(figure 2B), desmin, �B-crystallin (figure 2F), and myo-
tilin (figure 2G). Approximately 25% of the abnormal
fibers reacted for dystrophin (figure 2H) and ubiquitin
(figure 2I), and a few reacted for neural cell adhesion
molecule. All menadione-NBT–positive areas reacted
for FHL1, but the FHL1 immunoreactivity was more
widespread than the menadione-NBT positivity (com-
pare figure 2, B and C).

The autoaggressive inflammatory cells in patient
2 were CD3�CD4� T cells with a lesser admixture
of CD3�CD8� T cells. Only rare CD22� B cells
were present (figure e-1 on the Neurology® Web site
at www.neurology.org).

Electron microscopy. This was performed in patients
2, 3, and 4 at the ages of 16, 35, and 10 years. The
earliest pathologic alterations involved the Z-disk. Some
Z-disks showed streaming (figure 3A) and others
gave rise to expanses of tubulofilamentous material (fig-
ure 3B). The same material occupied vast expanses of
the interior of many abnormal fibers, sometimes
encasing nuclei or accumulating in other fiber regions
(figures 3, C and D, and 4, D and E), probably corre-
sponding to the reducing bodies seen by light micros-
copy. The larger tubulofilamentous deposits also
entrained clusters of glycogen granules. At high resolu-
tion, the tubulofilaments were nonbranching and linear
or slightly curving with an apparent diameter of 13 �

1.2 nm (mean � SD, n � 28) (figure 3E). In favorable
sections, the tubulofilaments were decorated with �1.2
nm spicules orthogonal to their long axis. Other inclu-
sions, sometimes abutting on the tubulofilamentous in-
clusions, consisted of aggregates of rough endoplasmic
reticulum (figure 4A), clusters of dilated sarcotubular
profiles (figure 4B), cytoplasmic bodies (figure 3C), and
fine irregularly oriented filament fragments (figure 3C).
At a still more advanced stage, the muscle fibers were
occupied by remnants of myofibrils surrounded by de-
generating organelles (figure 4G), or multiple small vac-
uoles sometimes intermingled with the tubular profiles.
Occasionally, some nuclei were surrounded by a matrix
of irregularly oriented fine filaments intermingled with
ribosomes (figure 4C).

Of the nuclei, 13% (n � 146) were completely
filled with the densely packed tubulofilamentous de-
posits (figure 4, C and E). Few other highly degener-
ate nuclei contained multiple small myeloid
structures and debris (figure 4F). Rare nuclei har-
bored nemaline rods.

In patient 2, consistent with the autoaggressive
inflammatory exudate noted by light microscopy
(figure 2J), some abnormal fibers were focally in-
vaded by mononuclear cells (figure 4H).

DISCUSSION We identified 3 FHL1 mutations, 2
of which are novel in 4 kinships whose muscle speci-
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mens displayed MFM pathology. FHL1 has 3 recog-
nized alternatively spiced isoforms with different
tissue localizations and protein interactions; the mu-
tations identified are present in each isoform (figure
1, C and D). Patient 1 and her daughter patient 2
carry His123Arg in the LIM2 domain. His123 is 1 of
the 4 zinc atom ligands in this domain.19–22 Muta-
tions of this residue to glutamine, tyrosine, or leucine
in other patients have caused a severe early-onset my-
opathy. The loss of a zinc binding of His123 was
proposed to be important for the pathogenesis,7 but

more recent studies suggest that mutations of residue
123 expose a nonpolar surface causing protein aggre-
gation.23 Patients 1 and 2 harboring His123Arg pre-
sented in their teens and were less severely affected
than other patients harboring His123 mutations. A
possible reason for this that is arginine has a basic
side chain and is hydrophilic like histidine, whereas
glutamine is acidic, and leucine and tyrosine are
hydrophobic.

Patients 3 and 4 carry a previously reported
Cys150Arg mutation. Cys150 is a crucial coordinat-

Figure 2 Histologic and immunocytochemical findings

(A, D, J) Pleomorphic granular or hyaline material and cytoplasmic bodies in the abnormal fibers in trichrome-stained sections. Note a nucleus surrounded by
dark blue granular material (asterisk, A) and inflammatory exudate surrounding and replacing abnormal fibers (J). (E) The hyaline masses are devoid of
NADH dehydrogenase activity. (K) Periodic acid-Schiff–positive material appears near inclusions. (L) Fibers harbor intensely congophilic inclusions. Non-
consecutive sections in the same series show abnormal fiber regions that immunoreact strongly for FHL1 (B) and part of the same regions react for
menadione–nitro blue tetrazolium without substrate (C). Note abnormal accumulation of �B-crystallin (F), myotilin (G), dystrophin (H), and ubiquitin (I) in the
structurally abnormal fibers. Samples were from the right soleus muscle of patient 4 (A) and from the right triceps muscle of patient 2 (B–L). (A, D–L) Scale
bar � 50 �m. (B, C) Scale bar � 20 �m.
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ing residue in the second LIM domain.24 Patient 3, a
35-year-old woman, has mild asymmetric atrophy
and weakness of selected muscles that presented at
approximately age 30. Patient 4, a 10-year-old boy
presented at age 6 years with a rigid spine and rapidly
progressive joint contractures. The rapid evolution of
the joint contractures pointed away from the diagno-
sis of Emery-Dreifuss dystrophy. His clinical features
are similar to those noted in a recently reported Ger-
man family with the same mutation25; however, he
also had a pseudoathletic appearance, a feature

thought to be specific for late-onset X-linked
scapulo-axio-peroneal myopathy with bent spine
caused by mutations in the LIM4 domain.15

X-linked inactivation studies were not performed in
our patients. Because of X chromosome inactivation,
heterozygous women are mosaic for X-linked gene
expression. This may explain the much milder phe-
notype in patient 3 compared with that in patient 4.

Patient 5 presented with mild muscle weakness in
the seventh decade. He carries an Arg95Trp muta-
tion, which is the first identified mutation external to

Figure 3 Electron microscopy findings

(A) Z-disk streaming and (B) Z-disk giving rise to expanses of tubulofilamentous material. (C, D) The tubulofilamentous
material occupies vast expanses of the sarcoplasm. The imaged field (C) also displays a cytoplasmic body (CB) and fine
irregularly oriented fragments of fine filaments (asterisk). (E) High-resolution image of the tubulofilaments. (A–D) Scale
bar � 1 �m. (E) Scale bar � 0.2 �m.
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an FHL1 LIM domain. The SIFT (Sorting Intoler-
ant From Tolerant) database predicts that the muta-
tion affects protein function, the PolyPhen program
deems it probably damaging, and the dbSNP Build
133 database does not list it as a polymorphism. Be-
cause no family members of patient 5 were available,
no segregation studies could be performed and its
pathogenic role was not further confirmed. The pa-
thology is typical of MFM, but this mutation is not
associated with reducing bodies. Patient 5 also has
peripheral sensorimotor neuropathy. FHL1 is ex-
pressed in different organs including the brain, but
its expression in peripheral nerve has not been docu-
mented. The peripheral neuropathy was not reported

previously in association with FHL1 mutations and
whether it is caused by a defect in FHL1 remains an
unresolved question.

The 3 patients harboring mutations in the second
LIM domain have typical MFM pathology plus re-
ducing bodies identified by the menadione-NBT
reaction without substrate. Of special interest, the
initial alteration involves not only streaming of the
Z-disk but also reducing body material emanating
from it that has not been observed in other types of
MFM.26,27 High-resolution electron microscopy
shows the reducing bodies composed of 13 �
1.2-nm tubulofilaments. In fibers with more
advanced changes, the tubulofilamentous bodies in-

Figure 4 Electron microscopy findings

(A) Aggregate of rough endoplasmic reticulum profiles. (B) Clusters of dilated sarcotubular profiles intermingled with tubu-
lofilamentous material. (C–F) Nuclear alterations. (C, E) The nuclei are filled with the tubulofilamentous material. (D) This
material encases the nucleus. A matrix of irregularly oriented fine filaments intermingled with ribosomes is also seen (C). (F)
A highly degenerate nucleus is filled with multiple small myeloid structures and debris. (G) A highly degenerate fiber con-
taining remnants of myofibrils surrounded by degenerating organelles. (H) An abnormal fiber is invaded by a mononuclear
cell. (A) Scale bar � 0.5 �m. (B–H) Scale bar � 1 �m in (B–H).
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undate the sarcoplasm and appear around and within
numerous nuclei. Intranuclear tubulofilamentous in-
clusions are also characteristic features of oculopha-
ryngeal muscular dystrophy, and cytoplasmic and
intranuclear inclusions are features of sporadic and
hereditary forms of inclusion body myositis. The tu-
bulofilaments in oculopharyngeal dystrophy are 8.5
nm in diameter, are unbranched, course rectilin-
early,28 and immunoreact for the mutant PABPN1
protein.29 The tubulofilaments in inclusion body
myositis measure 18 � 2 nm in diameter in the cyto-
plasm and 10–16 nm in the nuclei; they course rec-
tilinearly, are arranged in parallel or at random, and,
in some cases, are decorated with 5 � 1-nm stria-
tions.30–33 In our patients, the tubulofilaments are
nonbranching, are linear or slightly curving with a
diameter of 13 � 1.2 nm, and are decorated with
�1.2-nm spicules. The inclusions of FHL1 dystro-
phy are at least partly composed of mutant FHL1
protein.6 The large aggregates of rough endoplasmic
reticulum and clusters of dilated sarcotubular profiles
are not observed in other types of MFM.26,27

The autoaggressive inflammatory exudate com-
posed mostly of CD3�CD4� T cells in patient 2 was
also of interest. A plausible explanation for this find-
ing is that degraded fiber organelles instigate a low-
grade cell-mediated immune response. We have
detected similar cell-mediated myocytotoxicity in a
patient with myotilinopathy.34 Immunotherapy
failed to mitigate the clinical course of either patient.

Are the MFMs, including FHL1-related myopa-
thies, muscular dystrophies? We feel they are on the
basis of the classic definition of Erb35 that muscular
dystrophies are diseases caused by the primary degen-
eration of the muscle fiber. Muscle biopsies in MFM
indeed show primary degeneration of the muscle
fibers, with necrotic and regenerating fibers as well
as replacement by fibrous connective tissue in ad-
vanced stages. The phenotypic features of different
MFMs are like those of muscular dystrophies, and
some were first reported as such. For example,
myotilinopathy was reported as limb girdle mus-
cular dystrophy 1A by the clinical criteria,36,37 and
the �B-crystallinopathy of Canadian aboriginals
was reported under the rubric of a fatal infantile
muscular dystrophy.38,39

Finally, the clinical and pathologic features of the
FHL1 muscular dystrophies can be typical of MFMs,
but MFM pathology has not been described or may
have been overlooked in some cases of FHL1-related
muscular dystrophies. The presence of reducing bod-
ies points to a mutation in the LIM2 domain of
FHL1. Menadione stain is a useful, but not fool-
proof, marker for an FHL1 mutation in patients with
MFM pathology.
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